In vivo measurement of loads and pressures acting on articular cartilage in the knee joint during various activities and rehabilitative therapies following focal defect repair will provide a means of designing activities that encourage faster and more complete healing of focal defects.
Introduction
The accurate measurement of physiologic forces acting on the knee will facilitate better cartilage tissue engineering strategies and improve rehabilitation activities that will accelerate recovery following knee surgery. Various techniques have been used to determine forces acting on joints. However, none of them have provided direct measurements of physiological loads on tissues.
Mathematical modeling techniques utilized in conjunction with measurements have evaluated forces and moments acting across joints and tissues [1] [2] [3] [4] [5] [6] [7] [8] [9] . Forces have been predicted using joint dimensions, body weight and load configuration at the joints. Stresses and strains acting on the joints were calculated by utilizing the material properties and structural dimensions of the tissues. However, this approach is difficult since models are typically complex and mechanical properties of tissues may be poorly defined [10, 11] . While mathematical modeling has the advantage of being applied more broadly, the assumptions about muscle action, direction and joint contact locations vary widely, resulting in potentially large errors in contact stresses and tissue strains.
Miller et al [12, 13] determined the force acting on the knee in order to compare the effects of three types of prosthesis used as knee replacements during arthroplasty. Human cadaveric knee specimens were implanted with different types of prostheses using the appropriate surgical procedure. The specimens were placed in a test fixture and the forces acting on the joint were calculated based on the angles of knee flexion measured by an observer when the knees were subjected to different loading conditions. Although the forces calculated mathematically using these measurements produced errors as small as 1-2%, the main disadvantage of this method was that the measurements varied from one observer to another.
Benjamin et al [14] and Tanzer et al [15] measured forces acting on the knee to study the effects of components used in knee arthroplasty. These authors used the same experimental setup as Miller et al, but pressure measurements were directly recorded using a Fuji Prescale Film (Fuji Photo Film, Tokyo, Japan) instead of using angles estimated by an observer. The film was calibrated using the same loading and unloading conditions and exposing defined areas of the film to compressed air at a known pressure. The film impressions were digitized into gray level bitmaps (256 gray levels) using a flatbed scanner and analyzed using an image analysis software program. The overall accuracy of pressure and spatial measurements was estimated by Tanzer et al [15] to be ± 0.05 MPa and ± 0.1 mm respectively. Kaufman et al [16] used a tibial prosthesis instrumented with force transducers to study tibiofemoral forces following total knee arthroplasty. The loads were applied normal to the tibial surface and were measured by each of the load cells contained in the transducer. The total compressive force was calculated by summing the forces measured by the individual transducers. A linear relationship between the actual and calculated load was obtained with an average error of 3.2% and a correlation of 99%. This device could not be used in vivo because of issues such as lack of biocompatibility, the inability to waterproof the electronics and insufficient durability of the device. In addition, it would only have provided loads acting on this particular implant design.
In vivo measurement techniques have utilized implants with strain gauges [17] or have used strain gauges directly attached to bone with transcutaneous wires [18, 19] . They have provided accurate measurements of bone strain in animal [20, 21] and human models [22, 23] . However, these methods were suitable only for short-term, postoperative recordings due to the potential for infection and the discomfort caused by transcutaneous leads.
Recently, telemetry has been used in conjunction with sensors to eliminate the need for transcutaneous wires to measure in vivo forces acting on the human hip joint and on bones in the spine [22, 24] . An implantable system utilized by Szivek et al measured stiffness changes in the lamina to detect spine fusion [22] . Prior to monitoring lamina stiffness in vivo, the strain measurements were compared to a hardwired system to validate the telemetry-based radio transmission system [23] . Telemetry-based systems have also been developed for use in artificial knees [25, 26, 27] and used to determine tibiofemoral forces during surgical implant placement [27] . In that study, a transmitter was temporarily implanted in the knee and then removed following successful data collection during the surgical procedure.
It would be advantageous if an implantable system allowed more detailed analysis of forces transmitted across a native knee joint during activities such as walking, running and other dayto-day activities. The results could be used to improve tissue engineered implants, refine surgical techniques, guide post-operative rehabilitation and warn patients if they are overloading their tissues. This will require a portable monitoring system that will not hinder patient activities. A recently developed instrumented scaffold coupled to an implantable transmitter and powered with an external power supply has been shown to provide accurate load measurements from the knees of test animals [28, 29] . Initially an AC power supply for the transmitter, a computer (PC) and an AC powered bench top receiver were used to monitor measurements.
It was the goal of this study to develop a totally portable monitoring system that could be used during various activities and allow continuous monitoring of forces acting on the knee. In order to make the monitoring system portable, the power supply for the transmitter, the PC and the AC powered bench top receiver were replaced by a battery powered coil, a handheld computer with custom software and a USB powered miniature receiver respectively.
A handheld computer was chosen because it is small, light, battery powered and could be worn on a belt. In addition numerous types of handhelds are now commercially available in different specifications eliminating the need for any custom designed hardware. Handhelds have also been used as a monitoring device in other medical applications [30] .
Materials and Methods

Overview
A Dell (Windows OS) handheld load monitoring systems was developed to replace the desktop computer based system. The handheld computer, coupled to a bench top receiver and a wireless receiver were compared to the computer based system and a hardwired system during both bench top testing and in vivo monitoring (Section 2.8). Strain gauges attached to a biomimetic scaffold [31] were monitored by the handheld based system, the computer based system and the hardwired system.
To obtain hardwired measurements strain gauges on a scaffold were wired to a 9-pin female connector (Digi-Key Electronics), which was connected to three Vishay 2100 signal conditioners (Micromeasurements Inc, Raleigh NC). The output of each conditioner was connected to one channel of a National Instruments Data Acquisition board (NIDAQ, National Instruments, Austin TX). A Virtual Instrument created in National Instruments Labview version 7.1 that ran on a Macintosh G4 was used to acquire, plot and save the strain readings from the three channels.
In vivo measurements were collected by the handheld and the computer based system that was coupled to an AC powered bench top receiver or a battery powered receiver while test animals walked and ran on a treadmill.
Transmitter
An implanted strain gauged scaffold connected to a subminiature, inductively powered, four channel (time multiplexed) radio transmitter [28, 29] (Microstrain Inc, Burlington, VT) was setup to measure and transmit load. The transmitter (Figure 1 ) operated at a frequency of 418.05 MHz and transmitted data at 9600 bauds (i.e. approximately 86 data points per second). Each of the three strain gauges were assigned a channel in the transmitter and a fourth channel was connected to 1000 ohm precision resistor to monitor radio noise.
Computer Based Load Monitoring System
This system ( Figure 2 ) consisted of:
2. An AC powered coil that inductively powered a radio frequency transmitter (Microstrain Inc, Burlington, VT) and
3. An AC powered Radio Frequency (RF) bench top receiver (Microstrain Inc, Burlington VT)
4.
Custom data measurement and analysis software written in C specifically for this application, running on the Macintosh G3 power book [32] The RF bench top receiver collected the data, demultiplexed it to produce measurements corresponding to each of the four transmitter channels, checked the data for errors and passed the data packets to the Macintosh G3 Power book. The measurements were displayed on the computer screen and were saved to a file. The Dell handheld did not have a serial port to connect the RF serial receiver. So a compact flash slot, to which a serial communication card (CF232-5 is a tiny Type I format Compact Flash, single RS232 asynchronous serial port card (Elan Digital Systems, UK)) was connected, was used to connect the RF receiver. The card was automatically configured to become a serial communication port by using the built-in OS drivers that are optimized to work in the Windows Mobile 5.0 environment. This card provided:
Development of Handheld based Load Monitoring System
1. High speed and reliable communications via a 16C550 UART with 16-byte TX and RX FIFOs.
2.
A maximum transmission rate of 115.2 K Baud.
3.
Less power consumption (Active mode: 20 mA and a Standby mode: 14 mA typical), which was very important especially for an application that ran on a handheld. 
A Vcc output on
Handheld Software Development
Strain Monitor, the application developed using the LabView PDA module was installed on the handheld. The user interface was carefully developed and tested to minimize user-induced errors that could lead to measurement loss. At the same time, efforts were also made to keep the user interface as simple as possible. Strain monitor was designed to operate in three modes: Idle, Data Collection and Plot [33, 34] .
The application was programmed to start in the idle mode when it was launched from the start menu. The application provided four controls or buttons to the user to perform various operations. They are: "Open Port", "Pause", "Plot" and "Save and Exit". The application stayed in the idle mode until the filename was given and the "Open Port" button was pressed.
Real time strain measurements could be collected and saved to a file only in the "Open Port" mode. After launching the application, selecting the "Open Port" button opened the serial port of the serial communications card and the application started collecting strain measurements. This was denoted by an indicator in the center of the screen that turned green and displayed "receiving data." The application continued to collect strain measurements until the "Pause" or "Save and Exit" button was pressed.
In order to avoid data loss and increase the accuracy of the measurements collected in the handheld, the application was programmed so that the unformatted strain measurements were directly saved to a file whenever the number of bytes in the receive buffer reached 255. Even though the receive buffer could hold more data before saving to a file, this was done to simplify the checksum operation. The process of data collection (255 bytes of data) and saving to a file continued until the "Pause" button was pressed or the "Save and Exit" button was pressed. Only after the "Save and Exit" button was pressed, did the program format the data. A checksum calculation was done on the formatted data. Next the data was saved in four columns. Each column represented data collected from one of the four channels of the transmitter. The checksum calculation was done to determine if the data received was valid data. Failed checksum tests were not saved in the file.
Experimental Setup Used to Test Measurement Collection Systems
The handheld based system was tested by comparing its measurements with a hardwired system during bench top testing and in vivo measurement. Bench top measurements were collected from scaffolds directly loaded with a Material Testing System (MTS, Eden Prairie, MN) servo hydraulic test machine with a cyclic sine wave loading pattern. Three one thousand ohm, uniaxial strain gauges were attached to an implantable scaffold along the longitudinal axis and 120° apart from each other. The scaffold was made from polybutylene terephthalate using a rapid prototyping process [31] and was designed to be used as carriers for tissue-engineered cartilage ( Figure 4 ). Strains from four channels were simultaneously monitored using the hardwired, the computer based and the handheld based measurement systems. During evaluation of the telemetry system, the loading on the scaffold was interrupted at specific time points, to introduce a marker that could later be used to synchronize the strain measurements collected from all the systems. The measurements were compared after loading the scaffolds at 1 Hz, 3 Hz and 10 Hz in order to evaluate the monitoring capabilities of the systems at load rates expected during normal gait, low impact slow exercises and high impact rapid activities such as cutting sports. The accuracy was also checked to determine consistency with results of previous experiments [18, 19, 20] .
In vivo testing utilized the strain-gauged scaffolds coupled to a subminiature transmitter, implanted into a hound dog using a published procedure [28] to monitor changes in knee loading by measuring strain changes. Transmitters were powered by placing an external power coil on the dog's skin so that it was parallel to the orientation of the subcutaneous transmitter. The external coil was connected to a battery power pack on a circuit board, which generated a high frequency power wave. Powering of the coil powered the transmitter and caused strain measurement transmission. The dog was walked on a treadmill at three different speeds (1.6 miles/hr, 2.6 miles/hr and 3.7 miles/hr respectively) and strain measurements were collected for a period of approximately 1 minute. At the highest speed, the power was turned off briefly to simulate the slipping of the power coil from the transmitter at high speeds, which stopped the data transmission briefly. The computer based and the handheld based receiver setups collected these strain measurements, which were compared. Six sets of measurements were collected for each speed, which were later used to compute average accuracy.
Results
Bench Top Testing
Comparison of Measurements collected using Computer Based and
Hardwired Systems-Testing the computer based receiver system by axially loading the strain gauged scaffolds on an MTS at 1 Hz, 3 Hz and 10 Hz with a sine wave pattern for a period of 1 minute and comparing the results to those collected from the hardwired system showed that each of the four channels tracked the measurements collected with the hardwired system exactly ( Figure 5 ).
The sine waves appear flattened in the second half of each cycle since the testing procedure only loaded the specimens in compression. The average data rate of the transmitter used in the telemetry setup was determined to be 87.2 points per second based on calculation of the average number of data points between adjacent wave peaks on the sine wave plot.
Comparison of Handheld Based and Computer Based Receiver System-
Measurements collected simultaneously at 1 Hz by the computer and the handheld when using 'Strain Monitor version 1 (SMv1)' of the software coupled to bench top receiver showed that the peak strain values of the two systems did not coincide exactly with each other. The peak values were temporally shifted by 0.69 seconds after 8 seconds of data collection ( Figure 6 ). The same shift was observed in the measurements collected by all three active channels. The fourth baseline channel was setup to collect a single fixed value over time to monitor radio noise. The first peak of the two systems coincided perfectly and the shift gradually increased. The handheld missed data points at frequent but aperiodic intervals throughout the duration of data collection. This caused the pulses displayed on the handheld curve to have a narrower width ( Figure 6 ). While debugging the program, the flaw in the code was found in the section that did checksum calculation and formatted the data points. The formatting code skipped data whenever zeros were transmitted leading to this error.
Measurements collected at 1 Hz when version 2 (SMv2) of the software was installed in the handheld also showed that the peak strain values still had a temporal shift. In this case a shift of 0.38 seconds was noted after 8 seconds of data collection ( Figure 7 ). This error was due to some of the high priority system signals that interrupted the writing of the formatted data to the file and was overcome in the third version of the code. Measurements collected at 1 Hz with version SMv3 of the software installed in the handheld showed that the peak strain values of the two systems exactly coincided with each other and there was no temporal shift in the peaks observed (Figure 8 ).
The measurements collected with the handheld using SMv3 and the computer from test specimens loaded at 3 Hz ( Figure 9 ) and 10 Hz ( Figure 10 ) were identical both in magnitude and temporally.
Comparing the strain measurements collected by the handheld coupled to the bench top receiver and the handheld coupled to the wireless receiver, showed that the measurements recorded by the two systems matched almost exactly at all three frequencies. However, there were a few points on the waveforms recorded at 1 Hz (Figure 11 .a), 3 Hz (Figure 11 .b), and 10 Hz ( Figure  11 .c) of the wireless receiver coupled handheld that did not match the bench top receiver coupled handheld measurements. The average rate of mismatch was observed to be 0.98 data points/sec. Considering the transmission rate of 86 data points per second, this implies that the accuracy of the wireless receiver coupled handheld based system was between 98.6% and 98.9% when compared to the bench top receiver coupled handheld based system.
In vivo Testing Using Handheld Based System
In vivo strain measurements collected simultaneously using computer based and handheld based telemetry systems running the SMv3 code showed similar measurements ( Figure 12 ). However, when the power coil slipped off the transmitter momentarily, an average loss of 10 data points was observed as the handheld system continued to lose data points even after the power coil came back into position ( Figure 13 ).
Utilizing an SMv4 code provided better results under some conditions ( Table 1 ). The six sets of measurements collected with this code at each speed were identical for the both the systems.
Six sets of measurements taken at the highest speed while intentionally removing the power coil when the handheld ran the fourth version of the software (SMv4) showed there was no loss of data after the power coil was brought back into position ( Figure 14 ). Since this approach had the effect of temporarily switching off the power to the transmitter the curves did show a time shift (as was expected) relative to the hardwired measurements.
Measurements taken simultaneously using the handheld coupled to the bench top receiver and the handheld coupled to the wireless receiver at three different speed levels showed an average mismatch of 2 to 3 data points per second. This leads to an overall error which varies from approximately 99% to 100% during bench top testing by comparison to errors ranging from 91% to 94% for measurements collected in vivo ( Table 2 ).
Discussion
Osteoarthritis is the most common form of arthritis. It affects more than 70% of the people older than age 65 [35, 36] and 33% of them have osteoarthritis in the knee [37] . Total knee arthroplasty is the current treatment of choice in which the joint is replaced with metal and plastic parts. Cartilage tissue engineering has shown promise as a potential technique for cartilage defect repair [38] . The accurate measurement of forces acting on the knee will facilitate better cartilage tissue engineering strategies and improve rehabilitation activities that will accelerate recovery following knee surgery. In the long term it will also allow development of tissue engineering approaches to repair any damage observed in osteoarthritic joints.
The implantable strain monitoring system described in this study coupled to a computer based receiver allows measurement collection from knees providing accurate assessment of the joint loads. This system which included a bench top computer based receiver and data collection system was not portable and could not be carried by test animals or patients during various activities limiting its usefulness. The overall goal of this study was to design and test a completely portable system that could be used to measure loads during normal activities and would bring about a better understanding of approaches to improve rehabilitation regimens.
Rydell [17] was the first to measure hip forces in vivo using direct connection to transcutaneous leads. Perry et al [39] demonstrated the measurement of tibial forces in vitro using a tibial plate connected to an instrumented shaft and showed an average error of 6% between calculated and measured forces in a 2-D model of the knee. Kaufman et al [16] reported that a tibial prosthesis instrumented with strain gauges could measure forces in vitro. Davy et al [8] was the first to report hip forces measured in vivo using telemetry and claimed a measurement accuracy of 98.4%.
Lutz et al [4] measured femoral forces using an external load and angle measurement system and combined this with a model to determine in vivo loads. They reported forces 30% lower compared to those collected with other direct measurements. Taylor et al [40] reported femoral forces using an instrumented distal limb replacement prosthesis, and reported an error of 4% -5%. This study represented a significant advance toward direct measurement of femoral forces and provided evidence that telemetry was a useful method of measuring joint forces.
D'Lima's group [26, 27] first used an implantable micro-transmitter developed by Microstrain Inc in collaboration with our lab, inside an artificial knee that successfully transmitted data through bone, bone cement and soft tissue. However, they removed this system immediately after collecting measurements. Heinlein et al [41] have also described a calibrated implantable knee system that allows load measurement directly from inside a patient's knee and are planning clinical use of this device to evaluate rehabilitation procedures. More recently D'Lima et al [42] have reported using their instrumented artificial knee to measure shear loads after 3 months in one patient.
Szivek's group [25, 32] was the first to report on the development of a telemetrized system to collect measurements from an artificial knee. In those studies, the peak strain values collected by hardwired and telemetry systems were compared and showed that even at very high load rates, the peak stain values collected by the two systems matched exactly. The telemetry system [22, 23] consisted of a PC and a bench top receiver that was not easily portable and hence not readily used as a load-monitoring device after surgery. This system was also used to report the first in vivo telemetry based measurements of bone stiffness changes in a patient during spine fusion [22] .
In the current study a portable wireless miniature receiver and a handheld computer that can be worn by patients after knee surgery involving cartilage regeneration was successfully developed for use with a miniature implantable transmitter. A software program written for a Windows OS based handheld computer using Labview, provided accurate and reliable in vivo measurements on a totally portable platform.
An application was developed using LabView 8.0 and the LabView PDA Module 8.0 (National Instruments, Austin TX) to be used with a Dell handheld. The advantages of this system are: a simple user interface, ease of use, extended data collection times, easy file transfer and an alarm mode.
Data could be collected over an extended period of time and saved in comparison to the computer based system, which could only save 10 seconds worth of data due to the buffer size. The data collection into the Dell handheld was only limited by battery life (20 minutes) and hard disk space (a 1 minute data file is 1.5 MB). The 128 MB disk capacity of the Dell handheld would allow it to hold 85 minutes of data.
The Dell's large memory and fast processor also allowed the development of an alarm mode, which can alert a patient when specific measurements are detected. At this time the program causes the handheld to sound an alarm when a predetermined strain is measured indicating the knee surface is being overloaded. This feature does require a considerable amount of memory, which slows down data collection. Future formulations are expected to include more sophisticated warning codes as processor speed increases and more memory becomes readily available.
Software errors that affected the accuracy of data collection were fixed in successive versions of the program starting from SMv1 to SMv3 after extensive testing, on both the bench top and in vivo. When a test animal was run at a high speed (3.67 miles/hr), the power coil slipped at random points creating artifacts. Whenever this occurred, the handheld missed data points, bringing down its accuracy. This was fixed in the final software formulation of the Strain Monitor (SMv4) so that there was no loss of data (Table 1 and Table 2 ). Computer Based Measurement System showing a Macintosh G3 powerbook (right) connected to the AC powered receiver via a serial cable and the power supply for the coil that inductively powers the transmitter. An implantable scaffold with one uniaxial strain gauge showing. The scaffolds used in this study were approximately 11.3 mm long and 8.9 mm in diameter. Measurements from a single channel collected by hardwired (upper line) and telemetry (lower line) setups at 1Hz. The point of intersection of the vertical lines and the curves represent the peak strain value. Note that strains collected with the PC were offset by 3000 μ strain to allow easier comparison of the two curves. Strain values collected by the two systems corresponding to one of the measurement channels. The first strain peak of both PC and handheld recorded measurements coincided exactly. The final peak strain of the measurements collected with the handheld is shifted by 0.69 seconds. Note that strains were recorded with an offset. Actual strain magnitudes are the difference between the base line and peak values. Strain values collected by the two systems corresponding to one of the measurement channels. The first strain peak of both PC and handheld recorded measurements coincided exactly. The final peak strain peak measured with the handheld is shifted by 0.38 seconds. Note that magnitudes are the difference between the base line and peak values. Strain values collected with the PC and handheld systems. All strain peaks collected with both the PC system and the handheld system running program Smv3 coincided exactly when scaffolds were loaded at 1 Hz. Note that magnitudes are the difference between the base line and peak values. Strain values collected with the PC and handheld systems. All strain peaks of both the PC and handheld systems running (SMv3) coincide exactly when scaffolds were loaded at 3 Hz. Note that magnitudes are the difference between the base line and peak values. Strain values collected with the PC and handheld systems. All strain peaks of both the PC and handheld systems running (SMv3) coincide exactly when scaffolds were loaded at 10 Hz. Note that magnitudes are the difference between the base line and peak values. Figure 11 . b. Strain values corresponding to one of the four channels collected by two Dell handheld systems (one with a bench top receiver and one with a portable wireless receiver) at 3 Hz. Note that magnitudes are the difference between the base line and peak values. Figure 11 . c. Strain values corresponding to one of the four channels collected by the two handheld systems (one with a bench top receiver and one with a portable wireless receiver) at 10 Hz. Strains were recorded with an offset and actual strain magnitudes are the difference between the base line and peak values. Note that an occasional signal spike is observed with the wireless receiver. These in vivo strain recordings were collected while test animals ran at three different speeds on a treadmill. They were recorded with an offset and the actual strain magnitudes are the difference between the base line and peak values. Note that the strain measurements collected with the PC and those collected with the handheld computer overlap perfectly. This recording shows two artifacts caused by the slipping of the power coil from the transmitter. These artifacts are easily detected because they are generally very short in duration and large in magnitude. As such they can be identified without difficulty and removed from a data set. These two curves overlap up to data point 400, which shows an artifact produced by switching off the power supply. There is a time shift between the two curves beyond the artifact. This is easily detected when a second artifact is produced by switching off the power supply a second time. 
